Our objective was to propose a testable hypothesis arising from the recent fi nding of a low index-to-ring fi nger ratio (2D:4D ratio) in ALS. The 2D:4D ratio fi nding suggests that prenatal testosterone exposure may play a role in the development of the disease. Research from other fi elds is presented to suggest that healthy individuals with low 2D:4D ratio have enhanced sporting prowess, particularly with regard to activities requiring endurance and dependent upon slow-twitch muscles. Although studies are of varying quality, some epidemiological fi ndings in ALS also suggest enhanced sporting prowess, as well as a higher risk of developing the disease among members of certain physically active professions. If the 2D:4D fi nding survives replication then this might explain the reported elevated risk of ALS among professional athletes, the military, and manual professions. Such a relationship might also explain why ALS patients were more likely to have been elite sportspeople in younger life. This hypothesis may serve as a starting point for debate and discussion over the nature of ALS risk factors, as well as generating a number of specifi c testable hypotheses that may yield insight into the genesis of the disease.
A number of studies have explored occupation as a risk factor for the development of ALS, but have identifi ed no obvious common exposure, for instance to chemicals or electromagnetic fi elds. A recent systematic review of the literature found that people who later develop ALS were more likely than healthy controls to have been employed as farmers, electrical workers, carpenters, soccer players, or military personnel (5). Clearly, these occupations have a number of putative exposures in common such as chemicals (e.g. pesticides), physical exertion (e.g. training), or trauma (e.g. injuries), and so there is still an absence of explanatory theory for these fi ndings. Due to methodological inconsistencies in the literature it is also not possible to perform a true meta-analysis of studies performed to date, and due to low numbers of cases in a given profession and referral bias, even these systematically collected results must be weighed with caution.
Vivekananda et al. recently described an investigation of consecutive patients at a specialist ALS clinic who had their hands photographed and measured to establish the ratio of the lengths of their second and
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that causes weakness, atrophy, and eventually death (1) .
The cause of sporadic forms of ALS is unknown, but is frequently held to be some combination of genetic background risk combined with environmental exposure or ' trigger ' ; one theory is that common polymorphisms present in the general population each exert small effects on the likelihood of developing ALS (2). However, the environmental triggers for ALS have continued to remain elusive. Apart from a small number of clusters around the Western Pacifi c, the incidence rates of ALS are relatively consistent worldwide (1) , suggesting that broad population-level environmental exposures (such as diet, radiation or groundwater contamination) are unlikely to be identifi ed. In the modern world, occupation strongly infl uences exposure to potential harms, as has been identifi ed in relation to lung cancer and leukemia resulting from exposure to asbestos and radiation, respectively (3), or erethism found in 19th century milliners resulting from mercury toxicity (4).
ORIGINAL ARTICLE
Hypothesis: Higher prenatal testosterone predisposes ALS patients to improved athletic performance and manual professions fourth fi ngers (index and ring fi ngers, known as the 2D:4D ratio) (6). The 2D:4D ratio is sexually dimorphic, a feature recognized for more than a century (7). Recent interest was stimulated by suggestions that 2D:4D ratio is infl uenced by higher levels of fetal exposure to testosterone (7), and a number of studies have sought to explore whether 2D:4D might serve as a proxy measure of sex-linked traits or behaviors. Lower 2D:4D ratios are associated with higher levels of athletic ability, for instance (8). Attempts to understand this relationship have established that this is not merely the result of psychological variables such as achievement, social potency, low harm avoidance, control, practice effects, or cognitive variables such as visuo-spatial skills (9). In terms of magnitude, 2D:4D ratio is as independently predictive of performance as the number of years an individual has been practicing a sport (9), and accounts for 25% of the variance in endurance running (10). The mechanism is unclear but may be related to physical composition such as cardiovascular effi ciency, aerobic capacity or the ratio of fast-twitch to slow-twitch muscle fi bers and is particularly relevant to endurance running (distances greater than 1 kilometre) (10).
Physical exercise has long been considered relevant to the etiology of ALS, although the quality of evidence is generally not robust (11,12). For example, Scarmeas et al. found that in their youth, individuals who went on to develop ALS were more likely than matched controls to be slim, and to excel at athletics (13); the authors suggested " being slim and athletic might be a phenotypic expression of genetic susceptibility to ALS, mediated by some environmental agent " . However, Armon argues that this fi nding may result from referral bias of more educated, driven individuals seeking treatment from a respected ALS center (14).
An eloquent study taking advantage of military service records in Sweden found that individuals who went on to develop ALS had a much better profi le of physical fi tness per kilogram of body weight at age 18 years (15). The authors proposed a hypothesis that " this at-risk phenotype is characterized by relatively more type 1 muscle fi bers (slow-twitch fi bers) " . A recent population based case-control study also suggests a link between physical exercise and ALS (16). It has been widely reported in the scientifi c press and media that ALS is elevated among Italian soccer players (17). However, both the link between exercise and, in particular, Italian soccer players, has been refuted by others (14,18) on the basis of low expected case numbers in the comparison populations used. If physical activity were a signifi cant factor, Harwood et al. propose a number of biological mechanisms that may be relevant but which pre-dated the 2D:4D fi nding (19).
Hypothesis and studies arising
Rather than viewing occupation as increasing risk for exposure to toxins or trauma, we propose instead that there is (and always has been) something unusual about the way that people who will go on to be diagnosed with ALS developed physically in early life, which causes them to have traits that contribute to better athletic performance (see Figure 1 ). These traits may have made them the type of people who can gain entry to, and do well in, high-performance sports or physically intensive professions. Clearly it would be an error to over-generalize this theory, but it may provide a number of research avenues to identify statistical trends or association. The theory generates a number of testable hypotheses:
Re-analyzing existing data by levels of physical exertion required for different careers would test the hypothesis that those occupations with, on average, a higher physical exertional burden or barrier to entry (e.g. fi refi ghter) than those with a lower burden (e.g. accountant), are those with the highest relative risk ratios of developing ALS. Null hypothesis: there is no signifi cant relationship between physical exertion of occupation and risk of developing ALS.
Using electromyography, the ratio of fast-twitch and slow-twitch muscles in ALS patients can be compared relative to healthy controls and other patients with neurodegenerative or neuromuscular diseases. Null hypothesis: ALS patients have the same ratio of slow-twitch to fast-twitch muscles as healthy controls and neuromuscular controls.
An unexplained characteristic of ALS is a decreased risk of cardiovascular disease among patients and their immediate relatives (20). Speculatively, this could be linked to testosterone ' s benefi cial effect on the cardiovascular system (21). Null hypothesis: there is no signifi cant relationship between cardiovascular disease and markers of testosterone (such as 2D:4D ratio) in PALS or their family members.
Within a family, the sibling that went on to develop ALS may have had higher levels of prenatal testosterone exposure and so have a higher 2D:4D ratio than their siblings. Null hypothesis: the 2D:4D ratio of patients is, on average, no different from their unaffected siblings.
Related to the above, there may be other testosterone-related phenotypic characteristics such as perceived attractiveness, muscle mass, or personality traits in siblings that went on to develop ALS which differ from their same-sex siblings who did not go on to develop ALS. Null hypothesis: male siblings who went on to develop ALS do not differ from unaffected male siblings in characteristics thought to be related to testosterone exposure.
Where new data are to be collected concerning occupational risk factors, these should include objective 2D:4D measurement and, ideally, other biological markers of testosterone metabolism. It is unclear to what extent these hypotheses will be valid in males compared to females. Methodologically, it may be simpler to consider only males as their hormonal profi le is less complicated, but conversely there may also be some clues in the reproductive history of female ALS patients.
Due to their rarity, studying the 2D:4D phenomena in patients with familial ALS, particularly those with known mutations such as SOD1, is likely to prove diffi cult. It is unknown whether this pathway will be relevant to those with an inherited etiology, which includes our animal models of ALS.
Conclusions
We have proposed a concise hypothesis with explanatory power for an unexplained fi nding in ALS, predictive power that suggests new avenues of research, and falsifi ability through re-analysis of existing data or the execution of new research studies. This hypothesis is presented with the goal of stimulating debate, discussion, and data in order to uncover the mechanisms of ALS, improve the outcomes of patients, and some day fi nd a cure.
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